Introduction
============

The insula of Reil has gained much attention during the past decade owing to functional neuroimaging studies providing further evidence of its involvement in a wide range of functions, from sensory to visceral ([@bib16]; [@bib2]; [@bib4]; [@bib38]). The insula is part of a large mesocortical (paralimbic) domain with transitory architectonic characteristics between allo- and isocortex and a tripartite division into agranular (or periallocortical), dysgranular (or proisocortical), and granular (or isocortical) sectors (Ia, Id, and Ig, respectively) ([@bib41]). In contrast to other mesocortical regions, in particular the cingulate and orbitofrontal cortices ([@bib28]; [@bib9], [@bib10], [@bib11]; [@bib29]; [@bib12]; [@bib59]), the anatomy of the insula has not, or only little, been reexplored since the seminal studies in the 1960s and 1980s ([@bib53]; [@bib41], [@bib42]; [@bib47], [@bib48]; [@bib43]), and these earlier studies still serve as a basis for relating functional and connectivity studies in monkeys ([@bib31]; [@bib23]; [@bib24]; [@bib1]; [@bib13]; [@bib57]). The extent of the insula is generally depicted as bounded by the 2 limbs of the limiting sulcus, but anteriorly, beyond the limen insula, the uncertain border with orbitofrontal cortex lead [@bib41] to place only an "arbitrary division" between the 2 areas. More recent studies on orbitofrontal cortex suggest several subdivisions within the agranular insula near its junction with the piriform cortex ([@bib9]). Along the dorsal and posterior margin of the insula, several studies focusing on parietal opercular cortex suggest extension of somatosensory cortex into Ig, with several areas (SII, PV, PR, VS) identified physiologically and by connectivity with primary somatosensory cortex ([@bib17]; [@bib36]; [@bib20]; [@bib14]). These areas were included in a larger SII area in earlier studies ([@bib31]; [@bib22]; [@bib55], [@bib56]; [@bib34]; [@bib24]). In contrast, a separate interoceptive, thermosensory area, distinct from parietal somatosensory cortex was proposed at the dorsal margin of the insula ([@bib15]), but a clear anatomical definition and localization of this region is still lacking. On the temporal opercular side, the boundary between the insula and belt auditory cortex, especially anteriorly, was not clearly defined ([@bib45]; [@bib27]; [@bib35]), and the region was designated as parainsular area (Pi) in earlier studies ([@bib31]; [@bib58]).

The aim of the present study was to reappraise the anatomical organization of the insula and its boundaries with opercular areas in macaque monkey using a multiarchitectonic approach based on the distribution of the calcium-binding protein parvalbumin (PV), the nonphosphorylated neurofilament protein (with SMI-32), and acetylcholinesterase (AChE), in addition to Nissl and myelin stainings. The combination of these markers has been particularly relevant to define cortical and subcortical areas ([@bib6]; [@bib33]; [@bib19]; [@bib32]) and their distribution in the insula should provide a new basis for relating functional (physiological) and connectional studies in monkeys. Preliminary results were presented in abstract form ([@bib25]).

Materials and Methods
=====================

The brains of 10 adult rhesus (*Macaca mulatta*) and 3 cynomolgus (*Macaca fascicularis*) monkeys, used in previous experiments ([@bib39]; [@bib46]; [@bib8], [@bib7]), were reexamined for the present study ([Supplementary Table 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). Most material had already been processed with different staining procedures (Nissl, SMI-32, PV, AChE), and additional series of free-floating sections that have been stored at −20 °C in a cryoprotectant solution were stained for myelin with the [@bib26] method or for AChE to complete series that were not optimally stained for the cortex. In short, after perfusion with paraformadehyde 4%, the brains were removed, blocked, and after cryoprotection, cut frozen in the coronal plane using a sliding cryotome or a cryostat. Several adjacent series of 50 μm sections were collected in phosphate buffer (PB) and immediately mounted or stored at −20 °C in a cryoprotectant solution for later processing. The different immunocytochemical procedures correspond to those published elsewhere ([@bib39]; [@bib46]) and are described in more details in [Supplementary Material](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and Methods. For illustrations, photomicrographs were captured from a low-power Leica MZ16 microscope and digital camera (Leica DFC420). The files were then exported to Adobe Photoshop (version CS3) for contrast and brightness adjustments and imported in Adobe Illustrator (version CS4) software for production of the final montages.

Data Analysis
-------------

Delimitations of insular and adjacent cortical areas were plotted using a Leica (DM 6000 B) microscope equipped with a digital camera (MBF CX 9000) and a computerized plotting system (Neurolucida, MicroBrightField, Inc., Williston, VT, USA). Every second or fourth section in each series was analyzed. The architectonic borders were assessed independently by at least 2 investigators and most congruent borders were taken as reliable. The Neurolucida plots containing partial section contours of the insular--opercular cortex and architectonic borders identified in Nissl, PV, SMI-32, AChE, and myelin series were exported as vector data to Adobe Illustrator.

Unfolded Maps
-------------

In order to compare architectonic organization obtained with different markers in a given monkey and evaluate the interindividual variability, a method was developed to graphically unfold the opercular and insular cortices. The unfolded maps of the insula were obtained by measuring the distances between the superior (slis) and inferior (ilis) limbs of the limiting sulcus, as well as between architectonic boundaries along layer 4 (or between layers 3 and 5 in absence of layer 4). These measurements were plotted for sections at regular intervals. To ease comparison between the different cases, each unfolded map was fitted with the fundus of the slis as reference. This reference was placed perpendicular to the tangent of the curve of the slis ([Fig. 1](#fig1){ref-type="fig"}, middle panel). Positions of architectonic borders were then plotted on vertical lines orthogonal to the axis of the slis (horizontal line, right panel, [Fig. 1](#fig1){ref-type="fig"}). Distances between sections were determined taking into account number of series and thickness (50 μm) of sections and scaled to the map. Unfolded maps were generally reconstructed from sections at 800 μm intervals, but smaller (400 μm) or larger (1600 μm) intervals were also used in some cases to complete the map or when a section was missing, respectively. The area bounded by the 2 limbs of the limiting sulcus and anteriorly up to the limen of the insula (indicated by a vertical dotted line) is defined as the "morphological" insula. The method which is illustrated in [Figure 1](#fig1){ref-type="fig"} has also the advantage of minimizing deformations resulting from mounting sections on slides, such as nonoptimal orientation of opercular or intrasulcal cortex, and facilitates comparisons between stainings and section levels with minimal bias since the morphological insula undergoes limited deformation. However, some series of sections, particularly those stained for myelin, suffered more shrinkage than others due to histological processing. As this shrinkage affects mainly distances measured after staining (i.e., in the plane of section) but not between sections (distances measured prior to sectioning, on brains undergoing similar fixation and cryoprotection procedures), no correction factor was added. Some additional minor errors may arise with the method, such as when tracing layer IV which is not visible in all stains or absent in agranular subdivisions. However, the source of this error, which is not quantifiable, is similar in all cases and thus can be considered negligible for the reconstructions and comparisons of the unfolded maps.

![Diagram of the method used for unfolding the insula. For each frontal section (here illustrated for Nissl section 34 of monkey Mk4 in anterior half of the insula, left panels), the contour of layer IV (or between III and V) is traced on the scanned section and added to Neurolucida plots of operculoinsular contours and architectonic boundaries (dotted line in middle panel). The distances measured between slis and ilis (or slis and limit with Poc at the junction with orbitofrontal cortex) as well as between architectonic boundaries are projected onto a straight line, starting from slis as reference point. The resulting unfolded map is illustrated in right panel, and the surface of an insular domain (here the granular Ig = Ig1 + Ig2) exemplified by a darker gray area. See Supplementary List of Abbreviations.](cercorbhr104f01_ht){#fig1}

Variability Measurements
------------------------

In order to compare architectonic organization with different markers and evaluate variability of the insula between monkeys, it was necessary to establish an area defined with similar criteria in all cases. To this purpose and because of uncertain border between orbitofrontal and insular Ia/Id, we selected the area delimited by the limiting sulcus up to the limen of the insula anteriorly (morphological insula). Interindividual variability of the insula was assessed by differences in morphology and/or sizes, as measured from Nissl maps (the least distorted by histological processing), in 3 monkeys ([Fig. 4](#fig4){ref-type="fig"}). The maps were superposed graphically using the slis and the anterior limit of the morphological insula (vertical dotted red line) as references for alignment. Boundaries of corresponding subdivisions defined in the 3 monkeys were selected and the variability range for each subdivision estimated by the surface between the most dorsal and the most ventral limits of the area selected. The same procedure was followed for the other subdivisions and an unfolded map of interindividual variability of insular subdivisions was obtained (lower right panel of [Fig. 4](#fig4){ref-type="fig"}).

Terminology
-----------

The terminology for the insular cortex follows the cytoarchitectonic parcellation into agranular, dysgranular, and granular sectors, with additional subdivisions as described in the Results. For opercular, peri-insular areas, the nomenclature combines a classical terminology based mainly on cytoarchitectonic studies with more recent ones based on chemoarchitectonic, physiological, and/or connectional maps in the somatosensory, auditory, and orbitofrontal opercular cortex (see Supplementary List of Abbreviations).

Results
=======

Analysis of the neurochemical compartmentalization of the insula and adjoining cortex relied mostly on the distribution of PV, SMI-32, and AChE staining, exhibiting consistent patterns along the cortex. However, changes were often gradual and only reliable borders (recognized by at least 2 independent observers) were considered. In order to relate the present architectonic data to the classical subdivisions of the insula, similar cytoarchitectonic and myeloarchitectonic criteria as described by others were used for the delimitation. In one case (Mk12), an unfolded map was obtained for each staining (5 maps, [Supplementary Fig. 3](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)) and thus direct comparison was possible. Altogether, 3 maps for each staining were obtained from different monkeys. In one (Mk4, [Fig. 7](#fig7){ref-type="fig"}), an extended map illustrates the delimitation of frontoparietal and temporal opercular areas as identified on the basis of PV immunostaining and by comparison with previous studies on somatosensory, auditory, and gustatory cortex.

The cyto- and immunohistochemical characteristics of the insular subdivisions are described in [Table 1](#tbl1){ref-type="table"} and illustrated in [Figure 2](#fig2){ref-type="fig"} with high-power photomicrographs taken at corresponding anteroposterior locations along the insula and ordered according to cytoarchitectonic subdivisions. An additional series of photomicrographs at the level of the primary somatosensory area 3b is presented for comparison. The insular multiarchitectonic subdivisions are also illustrated in composite low-power photomicrographs of frontal sections taken at regular anteroposterior intervals ([Fig. 3](#fig3){ref-type="fig"}). Like in [Figure 2](#fig2){ref-type="fig"}, the photomicrographs of Nissl, PV, and SMI-32 and those stained for myelin and AChE stand from 2 different monkeys (Mk4 and Mk13, respectively). In spite of differences in morphology between the 2 animals, the sections which were taken at similar anteroposterior levels of the insula exhibit changes that correspond to those observed in other monkeys. For myelin, AChE, PV, and SMI-32, the insula was subdivided into zones, numbered from 0 (or 1) to 5 (or 6) according to changes in density/intensity and laminar distribution of cellular or fiber staining (0 is the lowest) (see [Figs 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}; [Supplementary Figs 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and [2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). The positions of borders are not necessarily coincident with those of Nissl, as discussed further below.

###### 

Multiarchitectonic characteristics of insular subdivisions

        Nissl                                                                                                            PV                                                                                         SMI-32                                                                                                                         AChE                                                                                                          Myelin
  ----- ---------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------
  G     Similar to Ig2 but with broader and denser layer IV                                                              High density of fibers in layersII--V, most prominent in middle layers (deep III and IV)   Increase number of stained neurons in layer III compared with Ig1--Ig2                                                         Moderate to high fiber staining in layers I,III/IV, and deep V; lighter and more diffuse staining in others   Increase of density of myelinated fibers up to layer III and lighter plexuses in II; clear outer BB
  Ig2   Moderate change from Ig1, mainly increase oflayer IV thickness and more conspicuous sublamination of III and V   Overall similar pattern as in Ig1                                                          Overall similar pattern as in Ig1                                                                                              Overall similar pattern as in Ig1                                                                             Slight increase of myelinated fibers in deep layer III and clear outer BB
  Ig1   Increase of layers II and IV thickness and clear separation V/VI                                                 Increase of neuropil staining in layers II--V, particularly in layerIV and deep III        Same density of staining in layer V as in Id3 but noticeable increase of stained cells in layer III                            Increase in layers III and IV, with clear separation fromlayer deep V                                         Similar to Id3 but with clear outer BB (separated by lighter myelin in V)
  Id3   Thickening of layer IV                                                                                           Similar pattern as in Id2 but with moderate fiber staining extending also in layer II      Strong staining in layer V (dendrites and few somata) and increase in layer III, with clear separation by unstained layer IV   Slight increase of neuropil staining in layer III and separation with the darkerband in upper V               Thickening of fiber plexuses in layers IV--VI and progressive appearance of an outer BB
  Id2   Layer II well developed and clearly distinct from III; thin but clear layer IV; sublamination layer V            Marked fiber staining in layerIV and gradual increase in layer III                         Appearance of few cells in layer III; strong dendritic staining and few cells in layer V                                       Similar pattern as in Id but with intensification of fiber staining in layer IV and deep layer III            Densification of radial fibers in layers IV and V but no distinct outer BB
  Id1   Irregular and thin layer II; faint granular layer IV; and separation V--VI                                       Narrow band of fiber staining in layer IV and more diffuse in deep III and V               Intense dendritic staining in layer V; nearly absent in superficial layers                                                     Dense staining in layers I and V/VI, very light in II and III, and progressive increase in layer IV           Generally weak myelin, except for thick plexuses in layer VI
  Ia2   Appearance of a patchy layer II and no granular layer IV; barely visible separation V--VI                        Generally low fiber staining. Only moderate staining in layer V                            Low fiber staining and rare cells in fused layers II/III                                                                       Densification of fiber staining in superficial layers I and fused II/III                                      Similar pattern to Ia1; slightly lower density of myelinated fibers in fused layers V/VI
  Ia1   Fused layers II--III and V--VI; no granular layers II and IV                                                     Fiber staining in fused layers II/III and only faint in V/VI                               Diffuse neuropil staining and few cells in fused layers II/III; very faint in layers V/VI                                      Intense fiber staining in fused layers II/III and V/VI                                                        Fine fiber plexuses parallel to cortical surface in layer I and deep layers V/VI

![Multiarchitectonic characteristics of insular subdivisions. High-power photomicrographs of Nissl, PV, and SMI-32 (adjacent sections from Mk4) and myelin and AChE stainings (adjacent sections from Mk13, taken as close as possible to the levels of sections shown for Mk4) are ordered according to cytoarchitectonic subdivisions (G to Ia1, from top to bottom) and reoriented parallel to the cortical surface. The upper row shows multiarchitectonic characteristics in primary somatosensory area 3b for comparison. In each row, positions of cortical layers identified on Nissl sections are projected onto the other photomicrographs taking into account differences in shrinkage due to the different staining procedures. Corresponding architectonic criteria are described in [Table 1](#tbl1){ref-type="table"}. Scale bar (upper left photomicrograph): 500 μm.](cercorbhr104f02_ht){#fig2}

###### 

Composite photomicrographs of Nissl, PV, SMI-32, AChE, and myelin stainings at different frontal levels of the insula in Mk4 and Mk13. Positions of Nissl sections (*A*--*G*) are indicated on lateral views of the left hemisphere of each monkey (top drawings) and the area enclosed by the photomicrographs indicated by a rectangle on drawings of the corresponding frontal sections (left column). The architectonic boundaries are shown for all stainings and correspond to those depicted in [Figure 5](#fig5){ref-type="fig"} and [Supplementary Figures 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and [2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) for PV, myelin, and AChE, respectively, in relation to their corresponding unfolded maps. Auditory areas AI, R, RT, and RTp in temporal operculum are also indicated for guidance. Notice the differences in morphological aspects of the insula between Mk4 and Mk13 (particularly at middle level, bottom row). However, the gradients seen with AChE and myelin follow closely those observed for Nissl, PV, and SMI-32. Scale bar (upper left photomicrograph): 1 mm.
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![Unfolded maps of cytoarchitectonic subdivisions in 3 monkeys (maps Mk4, Mk5, and Mk12) and their interindividual variability. In each individual map, the vertical dashed red line indicates the anterior limit (limen) of the "morphological" insula, the horizontal straight red line, the limit of slis, and the curved red line, the limit of the ilis. The graph in lower right panel represents interindividual variability of the different cytoarchitectonic subdivisions, with "a" corresponding to Ia1--Ia2; "b" to Ia--Id; "c" to Id1--Id2; "d" to Id2--Id3; "e" to Id--Ig; "f" to Ig1--Ig2; and "g" to Ig--G borders.](cercorbhr104f04_4c){#fig4}

![Unfolded maps of PV immunostaining (left panels) and corresponding series of photomicrographs of frontal sections in 3 monkeys (Mk4, Mk8, and Mk12). The levels of sections are indicated in the corresponding maps. For Mk4 (upper row), levels of section represented in the unfolded map and that illustrated by the most anterior photomicrograph (S19) differ by 0.8 mm, but the patterns of PV immunostaining are quite similar. Because of differences in size, intervals (absolute values) between sections are not necessarily equivalent in the 3 monkeys but were chosen to correspond best to similar anteroposterior levels of the insula. Series from Mk4 are also illustrated in [Figure 3](#fig3){ref-type="fig"} (levels *A*--*G*) for comparisons with the other patterns of staining. Zones 0--6 correspond to gradients of increasing density of PV immunostaining in fiber plexuses, most notably in middle layers (deep III and IV). For other conventions, see [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}. Scale bars (left photomicrographs): 1 mm.](cercorbhr104f05_ht){#fig5}

![Unfolded maps of SMI-32 in 3 monkeys (same cases as in [Fig. 5](#fig5){ref-type="fig"}). Zones 1--6 correspond to increasing density of immunostained pyramidal cells in layers III and V. The same series of sections are also illustrated in [Figure 3](#fig3){ref-type="fig"} (levels *A*--*G*) for comparisons with other patterns of staining. For other conventions, see [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}.](cercorbhr104f06_ht){#fig6}

![Insular and opercular areas delimited by PV immunostaining in monkey Mk4. Series of scanned images of frontal sections are ordered from anterior to posterior, from 21 to 59 (left panels) and the corresponding unfolded map of the lateral sulcus illustrated in right panel. Several cortical areas outside the insula "proper" (enclosing zones 0--5) were relatively well identified according to previous architectonic studies (e.g., 3b, AI, R, RT, CM, RM, Gu), while others (e.g., PVs, PR, VS, RTp) are less well defined and their positions assumed on the basis of physiological mapping and/or connectional studies. In the temporal opercular cortex, only areas medial to the "core" auditory cortex (medial belt) are labeled on the sections and on the unfolded map. The intermediate area between rostromedial belt (RTM and RM) and the "morphological" insula is termed parainsular (Pi) to follow earlier studies of the temporal opercular cortex. See Supplementary List of Abbreviations. Scale bar (upper left photomicrograph): 2 mm.](cercorbhr104f07_4c){#fig7}

In all unfolded maps except one (SMI-32 for Mk8 in [Fig. 6](#fig6){ref-type="fig"}), the different architectonic subdivisions are depicted for the morphological insula and for a short distance anterior to the level of the limen (indicated by a vertical dotted line) ([Figs 4--6](#fig4 fig5 fig6){ref-type="fig"}; [Supplementary Figs 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)--[3](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). Ventral extension beyond ilis is only represented in Nissl maps ([Fig. 4](#fig4){ref-type="fig"}) because of uncertainty related to these borders in other stainings, particularly at the level of the region termed parainsular (Pi, [Fig. 7](#fig7){ref-type="fig"}).

Cytoarchitecture
----------------

Nissl staining was analyzed in detail in 3 monkeys, and the boundaries were identified according to criteria described by others in agranular, dysgranular, and granular domains. According to the presence of granule cells in layers II and IV, the thickness of these layers, and the sublamination of III and V, we recognized 8 subdivisions within the insula (see [Table 1](#tbl1){ref-type="table"}): 2 agranular (Ia1 and Ia2), 3 dysgranular (Id1--Id3), 2 granular (Ig1 and Ig2), and a hypergranular "G" subdivision which also extends into parietofrontal and temporal opercula. The term hypergranular is used here to depict a laminar pattern close to that seen in primary sensory areas but less pronounced particularly in terms of layer IV thickness (see [Fig. 2](#fig2){ref-type="fig"}). Sequential numbering in each cytoarchitectonic domain corresponds to progressively more differentiated cortex, in particular with the appearance and increasing thickness of granular layers II and IV. In most parts of the insula, however, changes were only gradual and no sharp borders could be detected. The most obvious changes were between Ig and G, characterized by marked increase in the thickness of layer IV, sublamination of layers III and V, as well as between Ia2 and Id1 with the appearance, even subtle, of granular cells in layers II and IV, and sublamination of layer V ([Fig. 2](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}).

On unfolded maps ([Fig. 4](#fig4){ref-type="fig"}), the ventral limit of cytoarchitectonic subdivisions is shown beyond the limits of the ilis, especially in the middle portion of the insula. Whether these extensions should still be considered as part of the insula cannot be determined at the present time and were included in the broadly defined parainsular area (Pi, [Fig. 7](#fig7){ref-type="fig"}).

Myeloarchitecture
-----------------

The myelin stain with the Gallyas method was applied in 3 cases ([Supplementary Table 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)) and in one monkey (Mk12, [Supplementary Fig. 3](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)) it could be compared with adjacent series stained for PV, SMI-32, and AChE, in addition to Nissl. In this and other immunohistochemical stainings, the term "zone" is used to make the distinction with Nissl "subdivisions." The pattern of intracortical myelin in the insula shows a progressive increase of the density of fibers toward cortical surface, with appearance of a clear outer band of Baillarger (BB) in zones 5 and 6 ([Table 1](#tbl1){ref-type="table"} and [Figs 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}; [Supplementary Fig. 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). The extension of vertical fibers into more superficial layers (including layer II) observed in zone 6 is in continuity with the pattern seen in dorsal and posterior parietal opercular areas. Not only the density but also the general orientation of fibers changed, from more or less parallel to cortical surface in anteroventral insula (zones 1--2, corresponding to agranular and first dysgranular field, Id1) to vertically oriented from zones 3 to 6 ([Figs 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}; [Supplementary Fig. 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). Zone 1 is also characterized by relatively dense fiber plexuses in superficial layers and oriented parallel to cortical surface. Zones labeled 3β and 4β designate similar overall intensity of cortical myelin as in zones 3 and 4 but with somewhat different patterns across layers, such as clearer outer BB in zone 4β than in zone 4.

Acetylcholinesterase
--------------------

The distribution of AChE fibers was analyzed in 7 monkeys ([Supplementary Table 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)), and unfolded maps were obtained for 3 of them ([Supplementary Fig. 2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). Several zones were labeled 1--6, from a low to high density gradient of AChE containing fibers. To take into account differences in laminar distribution (but overall similar intensities of staining), zones 3--5 in anterior insula were differentiated from zones 3β to 5β in middle and posterior insula. The most intense staining was observed in fiber plexuses in layer I and in deep layers in the most ventral and anterior part of the insula (corresponding to agranular cortex) ([Table 1](#tbl1){ref-type="table"} and [Figs 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}, and zone 6 in [Supplementary Figs 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and [2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). Progressing more dorsally and posteriorly, the intensity of AChE increased in layer III in continuity with the patterns observed in parietal opercular cortex. However, in contrast to the patterns seen with the cyto- and myeloarchitecture (as well as with PV and SMI-32), there is a reversal of the gradient in anterior insula, with a circumscribed domain of low intensity AChE staining (zones 1 and 2) more dorsally ([Figs 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}; [Supplementary Fig. 2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). This particular pattern seen in all cases is mostly due to the area of very strong AChE staining in deep layers in the anteroventral insula characterized by zone 6. In middle insula, the relatively low AChE seen at level of Id near the ilis, extends into Pi, while increasing again toward core auditory cortex in the lower bank of the lateral sulcus (see [Supplementary Fig. 2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)).

Parvalbumin
-----------

The pattern of immunostaining for PV is illustrated by microphotographs in [Table 1](#tbl1){ref-type="table"} and in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}, as well as on unfolded maps in [Figures 5](#fig5){ref-type="fig"} and [7](#fig7){ref-type="fig"}. PV immunoreactivity is present in both cells and fiber plexuses. The changes along the insula and adjoining cortex are particularly marked with fiber staining but there are also changes in the laminar distribution and density of labeled neurons, as shown in [Figure 2](#fig2){ref-type="fig"}. We focused mainly on fiber staining (as also described in [Table 1](#tbl1){ref-type="table"}) with the highest density in layer IV and deep layer III along the dorsal and posterior margin of the insula (zones 5 and 6) as well as in frontoparietal and posterior temporal opercular cortex. Toward the ventral and anterior insula, the PV immunostaining decreases progressively in middle layers across dysgranular subdivisions Id3 to Id1 ([Figs 2, 3, and 5](#fig2 fig3 fig5){ref-type="fig"}), to become nearly absent in agranular field Ia2. Near the Poc, in Ia1, PV expression increases again in fused layers II/III (with only rare cells) ([Fig. 2](#fig2){ref-type="fig"}), the 2 subareas were included in one zone (zone 0). Similar patterns were observed for the 3 monkeys illustrated in [Figure 5](#fig5){ref-type="fig"}.

SMI-32
------

The gradient of SMI-32 immunostaining is most pronounced in a ventral to dorsal and posterior direction by the increase of the density of pyramidal neurons in layer III (and to some extent also layer V) (zones 5 and 6, [Figs 2, 3, and 6](#fig2 fig3 fig6){ref-type="fig"}; see also [Table 1](#tbl1){ref-type="table"}). Parallel to the gradient seen with stained neuronal somata and process, a progressive increase of a more diffuse and fine neuropil staining is observed in layer V ([Fig. 2](#fig2){ref-type="fig"}). This gradient extends beyond the slis into frontoparietal opercular cortex and onto the lateral surface, with the strongest density of layer III neurons in primary areas 3b ([Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig2){ref-type="fig"}). A similar very dense layer III immunostaining was also seen in the temporal opercular cortex, in AI, while decreasing clearly in areas R and RT, as well as in medial and caudal belt areas ([Fig. 6](#fig6){ref-type="fig"}). In the anteroventral insula, the number of SMI-32 cells and the intensity of neuropil staining in layer V decreased progressively in dysgranular domains Id1/Id2 (zone 2) to become very light in agranular field Ia2 ([Figs 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). An increase again of neuropil staining in fused layers II/III characterizes Ia1, in a similar pattern to that of PV immunostaining.

Unfolded Maps of the Insula: Variations in Size
-----------------------------------------------

Unfolded maps of each staining are presented for 3 different monkeys in [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} and [Supplementary Figures 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and [2,](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and comparison between different stainings shown for one monkey in [Supplementary Figure 3](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1). Overall, the extension of the insula in the anteroposterior axis appears relatively constant (between 16.5 and 17.5 mm) when measured along the lateral sulcus on a lateral view of the hemisphere (e.g., in [Fig. 1](#fig1){ref-type="fig"}). Because of variable distances and uncertainty for the insular/orbitofrontal boundary, the anteroposterior extent of the morphological insula represents a more accurate value for comparing the different maps. The values which range between 12 and 14.4 mm (average 13.4 mm) were not corrected for shrinkage and thus do not reflect "in vivo" dimensions. Measurements along the plane of sections (mediolateral, i.e., along the short axis of the insula) vary more than in the other directions, and this is due to distortion (shrinkage) factors that differ between histological processings (e.g., shorter mediolateral dimensions for the maps based on myelin stain; [Supplementary Figs 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) and [3](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)) but also differences in insular morphology. For example, the maximum mediolateral extent of the morphological insula tends to be larger on Nissl than on myelin maps, but the interindividual variability is of the same magnitude for both (11--14 and 10--13 mm, respectively).

Multiarchitectonic Organization: Comparison between Cytoarchitectonic and Immunohistochemical Subdivisions
----------------------------------------------------------------------------------------------------------

Similar patterns and orientation of insular subdivisions were observed in all stainings, with low-to-high, anteroventral to dorsal and posterior gradients of immunohistochemical staining (zones 0 or 1--6) in parallel to cytoarchitectonic progression from agranular (Ia) to hypergranular (G) fields. The main exception is the AChE staining, where 2 zones of high density of fiber staining (zones 4--6 and 4β--5β; [Supplementary Fig. 2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)) border anteroventraly and posteriorly zones of lower density (zones 1--3 and 3β). The distribution of AChE fibers across cortical layers, that is, from deep layers anteroventraly to both supra- and infragranular distributions posteriorly, however, follows a gradient in the same overall orientation as in the other maps. One particular feature of the architectonic organization seen with PV, SMI-32, and AChE is the merging in posterior insula of the dorsal zone of enhanced staining with an equally dense area extending from the temporal operculum. Together they surround a strip of lower intensity, particularly conspicuous with PV immunostaining (zone 4 interspersed between zones 5 and 6). This pattern is consistent across monkeys (see [Figs 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} and [Supplementary Fig. 2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)) and differs from Nissl and myelin gradients which do not exhibit such obvious reversals (see [Fig. 4](#fig4){ref-type="fig"} and [Supplementary Fig. 1](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)). The difference appears in the upward posterior tail of variability zone "e" in the upper left diagram of [Supplementary Figure 3](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1) depicting variability of the limits of insular subdivisions defined by different stainings in comparison to cytoarchitectonic subdivisions.

Extended Map of the Insula and Opercular Areas
----------------------------------------------

In several monkeys, multiarchitectonic boundaries were also plotted beyond the limits of the morphological insula, that is, into frontoparietal and temporal opercula (e.g., in [Fig. 1](#fig1){ref-type="fig"}). In one case (Mk4, [Fig. 7](#fig7){ref-type="fig"}), delimitations of opercular areas and their relations to insular subdivisions on the basis of fiber immunostaining for PV are presented on an extended unfolded map. The patterns are also illustrated on frontal sections of the left hemisphere (left panels in [Fig. 7](#fig7){ref-type="fig"}). According to the high density of PV immunostained fiber plexuses in middle layers along the dorsal, posterior, and posteroventral margin of the morphological insula (zone 6), as well as the continuity with areas of similar intensity in opercular cortex, we propose the term insula "proper" for the territory encompassing zones 0--5 (see also [Fig. 5](#fig5){ref-type="fig"}). A similar territory can be delimited on the basis of SMI-32 immunostaining (zones 1--5, [Fig. 6](#fig6){ref-type="fig"}), while only the posterior half of the insula may correspond to part of the insula proper on the basis of AChE ([Supplementary Fig. 2](http://cercor.oxfordjournals.org/cgi/content/full/bhr104/DC1)).

The terminology and approximate boundaries proposed for opercular areas depicted in PV immunostained frontal sections and on the extended unfolded map stem from others\' studies on orbitofrontal (gustatory), parietal (somatosensory), and temporal (auditory) cortex (see Discussion).

Discussion
==========

The major findings on the multiarchitectonic organization of the monkey\'s insula are the following: 1) the presence of several additional subdivisions within the major cytoarchitectonic domains (Ia, Id, and Ig), 2) definition of an insula proper with distinct immunohistochemical patterns from the rest of the morphological insula, and 3) intrusion of orbitofrontal gustatory, parietal somatosensory, and temporal auditory cortical areas into the dorsal, ventral, and posterior morphological insula.

Multiarchitectonic Organization: Relation to Classical Ia, Id, and Ig Domains
-----------------------------------------------------------------------------

The number of cytoarchitectonic subdivisions (up to 8) encompassing the morphological insula was related to structural changes that were gradual rather than abrupt. However, these changes, although subtle, were reliably detected by different observers in all cases. The most confident boundaries were between cytoarchitectonic G and Ig (or Ig2) and between Ia2 and Id1, whereas more tenuously defined within a given domain (e.g., between Ig1 and Ig2 or Id2 and Id3). In order to compare with previously defined Ia, Id, and Ig subdivisions in the same primate species, surface areas were measured graphically and the proportions given in percentages of the morphological insula (see unfolded maps and histograms in [Fig. 8](#fig8){ref-type="fig"}). Despite the approximation for the surfaces measured and the position of the anterior limit of the morphological insula in the former representations ([@bib41], [@bib43]; [@bib23]; [@bib24]), the values are indicative of overall variations of these insular domains across studies. The most distinct features are 1) the small proportions of the G hypergranular field (less than 10%) in previous studies compared with about one-third in the present report, 2) differences in granular and dysgranular fields representations in previous studies, with nearly inversed proportions of Ig and Id but equal proportions in the present one, and 3) overall, small area devoted to agranular domain. The differences between the 3 maps reflect the difficulty of setting boundaries in mesocortex with transitory architectonic characteristics ([@bib41]; [@bib40]) and explain the variability in the borders and number of subdivisions proposed in other mesocortical areas. Additional factors, such as multiarchitectonic comparisons in the present work and connectivity patterns in others, may influence the placement of borders, although these should be considered as negligible. Interestingly, a displacement of the dysgranular field more anteriorly, with concomitant increase of granular field in macaque monkey compared with squirrel monkey, was mentioned by [@bib31]. This tendency is particularly noticeable in our maps with the large portion devoted to granular fields (∼65% for Ig + G). Whether it finds correlates along primate evolution, including man, cannot be answered at the present time.

![Comparison of cytoarchitectonic divisions of the insula in earlier studies ([@bib43]; [@bib24]) and in the current study (Gallay et al.). The unfolded maps were all fitted with the fundus of the slis and the surface of each insular subdivisions measured in mm^2^ using a special Adobe Illustrator (version CS4) plug-in ("path area"). The relative proportion of each subdivision was then calculated in percent of the total surface of the "morphological" insula. The current map (Gallay et al.) is a graphical mean of the variation of the limits of the different Nissl subdivisions (regrouped in Ia, Id, and Ig) in 3 monkeys (Mk4, Mk5, and Mk12). It is important to note that unfolded maps obtained for earlier studies were adapted from diagrammatic representations of "exploded or planar" maps but even if the sizes differ, we consider that the proportions given for each major subdivision, though approximate, are suitable values for comparison with our data.](cercorbhr104f08_ht){#fig8}

The comparison between cytoarchitectonic and neurochemical divisions based on immunohistochemical staining for PV, SMI-32, and AChE provides information pertinent to the functional organization of the insula: 1) The differential distribution of PV fiber immunostaining, particularly in middle layers, is most likely related to the patterns of thalamic projections to the insula and adjacent opercular areas, 2) The progression of SMI-32 pyramidal neurons from deep layers (V/VI) in agranular insula to increasing numbers in layer III in dysgranular and granular sectors is associated with different types of corticocortical connections as observed in several other cortical areas ([@bib29]), and 3) The gradient of high-to-low AChE fibers in anterior insula corresponds to that of cortical AChE--containing fibers described by others, that is, densest in periallocortical and progressively declining toward granular fields in all mesocortical areas in monkey ([@bib41]; [@bib44]; [@bib40]). The reversal depicted in the posterior (granular) insula in our maps is related to specific increase of AChE fiber density in supragranular layers, more than to overall change across cortex, and this parallels other neurochemical gradients, including the relatively large G field in Nissl maps.

The Relation of the Insula to Opercular Areas and Definition of an Insula Proper
--------------------------------------------------------------------------------

In the cytoarchitectonic division of the insula, we distinguished between a hypergranular G subdivision and granular insula (Ig1--Ig2) on the basis of clear thickening of layer IV, sublamination of layers III and V, and well-demarcated layer VI ([Table 1](#tbl1){ref-type="table"}). This strip of cortex which continues beyond the limits of the morphological insula into frontoparietal and posterior temporal opercula, corresponds largely to zones of densest PV in middle layers, of SMI-32 neurons in layer III, and AChE fibers in layers III and IV, as well as dark myelin and clear outer BB. Relatively few investigations directly addressed the functional organization of the insula, but physiological and connectivity studies in opercular areas provide clues to support the functional interpretation of an insula proper as defined by multiarchitectonic criteria. These aspects are discussed in relation to others\' views on the functional role and organization of the insula, in particular at its dorsal margin with the parietal operculum.

In anterior insula, at the junction with orbitofrontal cortex, the dorsal PV--enhanced region is similar to that described by [@bib9] and identified as gustatory area. The same region is known to receive thalamic projections from the VPMpc nucleus ([@bib53]; [@bib50]). The densest projections from this gustatory thalamic nucleus are restricted to a small area at the fundus of slis anterior to the border of insular--opercular cortex, intercalated between dysgranular insular (Id) and opercular (OPd) areas (e.g., [Fig. 2](#fig2){ref-type="fig"}; [@bib50]). This represents presumably the primary gustatory cortex, but additional gustatory areas have been proposed in granular and dysgranular insula ([@bib18]), and one could correspond to the zone of lower PV immunostaining on adjacent dysgranular field ([Figs 5](#fig5){ref-type="fig"} and [7](#fig7){ref-type="fig"}, present study; [@bib9]). In our extended map of opercular areas, we designated the most anterior PV enhanced area as gustatory (Gu), but it is possible that part of PR may also represent gustatory modality.

The functional interpretation of the middle dorsal and posterior margin of the morphological insula and its relation to parietal opercular areas is still subject to controversial views. One the one hand, [@bib15] designated part of the dorsal insula as cortical target of lamina I spinothalamic tract (STT) via thalamocortical projections from the so-called VMpo nucleus. However, this area is only poorly defined anatomically and its localization most probably overlaps with field G and the area of enhanced PV, SMI-32, AChE, and dense myelination extending into parietal opercular cortex in our maps. More recently, STT projections to insular cortex were clearly confined to Ig (as also defined cytoarchitectonically in the present study) ([@bib21]). On the other hand, recent studies devoted to opercular somatosensory areas, suggest extension of the ventral somatosensory area (VS) and the parietal rostral area (PR) into the morphological insula, particularly in prosimian and New World monkeys ([@bib36]; [@bib51]; [@bib20]; [@bib60]; [@bib14]). These areas were first included into a larger SII in previous studies ([@bib53]; [@bib31]; [@bib22], [@bib24]; [@bib55], [@bib56]; [@bib34]; [@bib23]; [@bib58]). The boundaries of parietal opercular areas represented in the unfolded map of [Figure 7](#fig7){ref-type="fig"} are proposed on the basis of PV immunostaining, but their correspondence with the different somatosensory maps remains to be confirmed, in particular for PR which is defined mainly by its connectivity with PV and SII ([@bib51]; [@bib20]).

The extension of PV, SMI-32, and AChE enhanced immunohistochemical staining into posterior and ventral temporal operculum is consistent with architectonic and mapping studies of the primate auditory cortex, in particular with the boundaries proposed for medial and posterior belt areas ([@bib45]; [@bib27]; [@bib30]). These are represented together with core auditory areas in the superior temporal plane in [Figure 7](#fig7){ref-type="fig"}. If limits between core and medial belt cortex are relatively clear, those between medial belt and the insula are less well defined and their boundaries relative to morphological landmarks (e.g., circular and limiting sulci) may differ. For example, area RM is generally confined to the ventral bank of LS, while extending into the insula in other reports ([@bib45]). Whether this corresponds to relatively high PV immunostaining in the posteroventral part of the insula proper has to be confirmed. The limits between anterior medial belt and the insula have not been well defined and the area was designated by parainsular (Pi) as in earlier studies ([@bib31]; [@bib58]).

The multiarchitectonic definition of an insula proper restricted to about two-third of the morphological insula is also supported by functional and connectivity data. In spite of the limited physiological investigations of the insula, there is clear evidence for somatosensory representation in the posterior granular field (Ig), although with differences of receptive field properties (very large, often including the whole body), absence of clear topographic organization, and less responsiveness to passive stimulation than in adjacent opercular areas ([@bib54], [@bib56]; [@bib58]; [@bib5]). Very much attention has been paid in recent years to the involvement of the operculoinsular cortex in pain processing, particularly with neuroimaging in humans ([@bib49]; [@bib4]), but little is known about the organization of nociceptive neurons in monkeys. Auditory responses were also reported in the posterior insula or near the border with somatosensory VS area, possibly overlapping partially with the insula proper ([@bib14]; [@bib52]). How other modalities/functions are represented by neurons or neuronal arrays in the monkey insula awaits further investigations.

Relations to Subcortical and Cortical Connections
-------------------------------------------------

Connectivity studies provide important information on the functional organization of the insula. Major investigations of the thalamic and cortical connections of different insular domains were conducted few decades ago and the patterns related to somewhat different cortical and thalamic parcellations ([@bib53]; [@bib31]; [@bib42]; [@bib48]; [@bib23]; [@bib24]; [@bib11]). Thalamic projections arise from several nuclei, but these tend to be organized in the insula, such that projections from the posterior complex (SG, Po) and ventral posterior inferior (VPI) are directed at the posterior granular insula, and that of the parvocellular VPMpc (or VMb) directed at more anterior areas, including the agranular insula. The latter nucleus is also considered as principal thalamic afferent to taste areas(s) in the orbitoinsular cortex ([@bib50]). Additional nuclei contribute to the thalamic projections to the insula and their targets support functional differences, such as only Ia appears to receive inputs from limbic midline and mediodorsal (magnocellular part, MDmc) nuclei ([@bib23]). The pattern of thalamocortical connections is consistent, at least to some extent, with the gradients of PV immnostaining observed in the present study. Indeed, a close relation between PV rich fiber plexuses in layers IV and deep layer III and afferents from PV dominant thalamic nuclei has been demonstrated, particularly in the auditory system ([@bib30]). Thus, the very dense PV immunostaining in area 3b and AI/R also shown in the present study reflects prominent thalamic input from PV-rich VPL and ventral medial geniculate (MGv) neurons, respectively. The relatively moderate PV immunostaining in the insula proper is consistent with projections from nonprimary, associative nuclei such as the posterior complex (SG-Li, Po) containing fewer PV neurons (and conversely, more calbindin positive cells). In this context, it is difficult to reconcile the projections from the so-called VMpo (corresponding to SG/Po) to the dorsal margin of the insula characterized by dense PV fiber staining in middle layers.

Projections to the striatum also support the present multiarchitectonic organization of the insula, with a gradient of projections from Ig to dorsolateral (sensorimotor), Id to central ventral striatum, and Ia to the accumbens nucleus (limbic part) ([@bib13]).

Relatively few studies have directly addressed cortical projections to (or from) the insula with injections localized in the different subdivisions. These studies, together with complementary data from tracer injections in other cortical territories (sensory, paralimbic, limbic) ([@bib42]; [@bib47]; [@bib24]; [@bib1]), reveal some specificity related to insular architectonic boundaries. The representation of sensory (somatosensory/auditory) in posterior and of visceral/autonomic functions in anterior insula, conforms to the general granular to agranular gradient along the insula, as well as to immunohistochemical changes observed in the insula proper. The laminar distributions of cortical projecting neurons (from and to different sectors of the insula) ([@bib24]) bear some relationship with the laminar gradients of pyramidal SMI-32 neurons. In agranular insula, these were confined to deep layers (V/VI), while in dysgranular and granular, were distributed in both III and V, with progressive increase in layer III toward hypergranular field G. This gradient within the insula can also be related to predictive model of laminar distributions of cortical projections from agranular/dysgranular neurons (deep layers) to granular (or eulaminated) areas and also to intermediate positions according to "hierarchical levels" (e.g., increase of SMI-32 in supragranular layers in Id compared with Ia) ([@bib3]).

Conclusions
===========

The present multiarchitectonic organization of the insula provides a framework for future investigations on the functional (electrophysiological) and connectional aspects of the insula in primates, as well as for comparative studies in different primate species, including humans. A more thorough neuroanatomical exploration of the human insula will be particularly important to support localization of structural (MRI, DTI) and functional (fMRI) imaging data that significantly improved in spatial resolution. A first step toward this aim has been reported recently by a study focused on the posterior human insula ([@bib37]).
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